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ABSTRACT
The gneiss complex of Wildhorse Creek (Wildhorse gneiss) forms the cen-
tral component of the lowest structural plate in the Pioneer metamorphic 
core complex of south-central Idaho. The oldest rock in the complex is a fel-
sic ortho gneiss, with Neoarchean U-Pb magmatic zircon ages of 2.60–2.67 Ga. 
The ortho gneiss overlaps in age and is interpreted to be part of the Grouse 
Creek block of the Albion Mountains to the south. This Archean metagranitoid 
is structurally interleaved with paragneiss containing quartzite and calc-silicate 
rock. Structurally below the orthogneiss, some quartzites have multiple con-
cordant populations of detrital-zircon grains as young as ca. 1700 Ma, while 
others have no zircon grains younger than ca. 2500 Ma.
Structurally above the Archean gneiss is a heterogeneous paragneiss that 
contains calc-silicate and quartzitic rocks with detrital zircons as young as ca. 
1460 Ma. Amphibolite in this unit contains zircons dated at ca. 1850 Ma, indi-
cating that this rock can be no older than that and implying considerable struc-
tural complexity. The upper part of the Wildhorse gneiss contains metaquartz-
ites bearing zircons as young as ca. 1400 Ma. The protolith of this paragneiss 
is interpreted as the southernmost exposures of the Lemhi subbasin of the 
Mesoproterozoic Belt Supergroup.
The upper Wildhorse gneiss includes ca. 695 Ma intrusive orthogneiss that 
is coeval with Neoproterozoic rift-related volcanic or intrusive rocks near Poca-
tello, House Mountain, and Edwardsburg, Idaho. This Cryogenian meta-intru-
sive rock is the likely source of the 650–710 Ma detrital-zircon population in 
the Big Lost River that drains the core complex. Initial εHf values from 675 Ma 
zircons are between 3.4 and –2.4, suggesting the granitoids had a mixed source 
in both continental crust and juvenile mantle.
INTRODUCTION
The Pioneer Mountains core complex (PMCC) contains the Wildhorse 
gneiss, the largest exposure of Precambrian basement in central Idaho. The 
protolith ages of these metamorphic rocks are important because they place 
constraints on the boundary between the Archean Grouse Creek block and 
Paleoproterozoic metamorphic basement to the north within the Great Falls 
tectonic zone and Selway terrane (Fig. 1). Further, some gneisses in the Pioneer 
Mountains may be metamorphosed Belt Supergroup and can thus define the 
south end of the Belt Basin. Finally, detrital-zircon studies of Big Lost River allu-
vium demonstrate the presence of a ca. 650–710 Ma population, which may 
be derived from Cryogenian intrusive rocks in the Wildhorse complex. The 
Wildhorse gneiss is therefore an important and unique window into the age 
and tectonic affinity of the Precambrian crust of central Idaho.
Our goals were to investigate the age and correlation of protoliths for 
the gneiss complex of Wildhorse Creek, the structurally lowest lithodeme in 
the Pioneer Mountains, south-central Idaho (Dover, 1969, 1981, 1983; O’Neill 
and Pavlis, 1988). Prior to this study, the only available radiometric date from 
the Wildhorse complex was a ca. 2.0 Ga Rb-Sr whole-rock age reported by 
Dover (1983). The exposures were recognized as part of the Pioneer Moun-
tains metamorphic core complex by Wust (1986). Much of the deformation 
and magmatism within the PMCC has been interpreted as Eocene (Vogl 
et al., 2012).
In this paper, we present U-Pb zircon data for 15 rock samples, represent-
ing a complete structural section of the Wildhorse gneiss, and one sample of 
Wildhorse Creek alluvium. These data help to address three primary issues: 
(1) whether the Wildhorse gneiss in the PMCC is part of the Archean Grouse 
Creek basement block (Fig. 1) (Gaschnig et al., 2013); (2) the location of the 
southern extent of the Mesoproterozoic Belt Supergroup, which is extensively 
exposed to the north and east (Fig. 1; Link et al., 2007); and (3) the origin of 
the population of anomalous 650–710 Ma zircon grains found in Big Lost River 
alluvium (Link et al., 2005).
PRECAMBRIAN BASEMENT IN THE NORTHERN ROCKIES
North of the Snake River Plain, Precambrian metamorphic basement is ex-
posed in the Pioneer Mountains and in isolated areas within the Atlanta lobe 
of the Idaho batholith to the southwest (Fig. 1 inset) (O’Neill and Pavlis, 1988; 
Mueller et al., 2002; Foster et al., 2006; Gaschnig et al., 2013; Ma et al., 2016). 
Proterozoic metamorphic rocks also occur in the Beaverhead Mountains along 
the Idaho-Montana border where several exposures have U-Pb zircon crystal-
lization ages ca. 2.45 Ga (Kellogg et al., 2003). Immediately to the south of the 
Coyote Creek quadrangle (Fig. 1 inset), the gneiss of Bloody Dick Creek con-
tains a significant population (50%) of ca. 1.88 Ga zircons (Sherwin et al., 2016). 
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Figure 1. General tectonic map of western 
Laurentia showing ages of terranes and 
geographic areas mentioned in text (after 
Foster et al., 2006, and Mueller et al., 2011). 
General trend of belt of metamorphic core 
complexes is shown. Dark areas are Paleo-
protero zoic and older metamorphic rock 
exposures. Belt Basin contains Meso-
protero zoic metasedimentary rock. The 
Pioneer Mountain core complex (PMCC, 
shown in red) and House Mountain expo-
sures are labeled. Big Creek (650 Ma) and 
Beaverhead (500 Ma) plutons in east-cen-
tral Idaho (Lund et al., 2010) are shown in 
red. Clump of exposures in northwestern 
Utah and adjacent Idaho is the Albion–
Raft River core complex. Inset map: Geo-
graphic map of Idaho showing features 
and geologic units mentioned in text. 
The Big Lost River drains from the Pio-
neer Mountains to the Snake River Plain 
and transports distinctive 675  Ma zircon 
grains. Location of U.S. Geological Survey 
(USGS) Drill Hole 142 is shown.
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Mueller et al. (2016) report on two samples from the gneiss of Bloody Dick 
Creek. Sample BDC-2 has a primary age of 1904 ± 13 Ma and sample BDC-6 
has a primary age of 1799 ± 7 Ma. To the north in Montana, the Selway ter-
rane and Great Falls tectonic zone (Fig. 1; O’Neill and Lopez, 1985) contain 
Paleo protero zoic juvenile crust (1.7–1.86 Ga) with older fragments at 2.2–2.6 Ga 
(Foster et al., 2006, 2012; Gifford et al., 2014). Alcock and Muller (2012) and 
 Alcock et al. (2013) identify Paleoproterozoic strata (Montana metasedimentary 
terrane) in what had been considered Archean rocks of the Wyoming Province 
in the Ruby Range of southwest Montana (Fig. 1). The northern Bitterroot lobe 
of the Idaho batholith intrudes Paleoproterozoic 1.6–1.8 Ga primitive arc-like 
rocks (Toth and Stacey, 1992; Mueller et al., 1996; Foster and Fanning, 1997).
In the Albion Mountains to the south of the Neogene Snake River Plain 
(Fig. 1), the basement comprises the Neoarchean Grouse Creek complex (2.5–
2.6 Ga; see Egger et al., 2003; Strickland et al., 2011). Xenoliths of felsic gneiss 
in Snake River Plain basalt lavas contain zircons with ages of 2.5–3.2 Ga (Lee-
man et al., 1985; Wolf et al., 2005). East of the exposed Grouse Creek block, the 
Farmington complex contains gneisses with earliest Paleoproterozoic ages of 
ca. 2.45 Ga (Foster et al., 2006; Shervais, 2006; Mueller et al., 2011).
The intracratonic Belt basin north and east of the Pioneer Mountains con-
tains the Belt Supergroup, principally quartzose and locally feldspathic strata 
that were deposited between ca. 1470 and ca. 1390 Ma (Harrison et al., 1974; 
Ruppel, 1975; Winston and Link, 1993) (Fig. 1). Comparable sequences in Idaho 
were deposited in the Lemhi subbasin (Fig. 1 inset). The rocks of the Belt ba-
sin and the Lemhi subbasin share broad stratigraphic relations, detrital-zircon 
age populations, have overlapping depositional age constraints, and cannot 
be structurally separated (Winston et al., 1999; Link et al., 2007, 2016; Stewart 
et al., 2010; Burmester et al., 2016). The southern extent of the Belt Supergroup 
is currently unknown.
PIONEER MOUNTAINS
The Pioneer metamorphic core complex (Wust, 1986; O’Neill and Pavlis, 
1988; Silverberg, 1990; Worl et al., 1995; Vogl et al., 2012, 2014; McFadden et al., 
2015) is part of the belt of Cordilleran metamorphic core complexes (Fig. 1) 
that formed during Cenozoic postorogenic extension in the hinterland of the 
Sevier orogenic belt. Precambrian and lower Paleozoic rocks are exposed in 
the footwall of the Wildhorse detachment fault (Dover, 1981, 1983; Wust, 1986). 
Within that footwall, Umpleby et al. (1930) recognized the Wildhorse gneiss in 
the structurally lowest exposures. Dover (1983) divided the gneiss complex of 
Wildhorse Creek into a lower (quartzitic) gneiss, a middle (felsic) orthogneiss, a 
mafic gneiss, and an upper (quartzitic) gneiss. The ages for all those units were 
designated as Paleoproterozoic on the basis of preliminary Rb-Sr whole-rock 
dating. A revised geologic map of the Wildhorse gneiss that incorporates our 
recent U-Pb zircon age data is given as Figure 2.
The footwall of the PMCC contains a NNW-trending, doubly plunging anti-
form (Wildhorse dome) that is cored by the Wildhorse complex (Fig. 2). Above 
the gneiss, on the southwest flank of the Wildhorse dome, is a broadly concor-
dant granodiorite sheet with a U-Pb zircon crystallization age of 48.6 ± 0.4 Ma 
(Vogl et  al., 2012). On the east side of the dome is a large expanse of this 
 Eocene granodiorite, locally termed the Pioneer Intrusive Suite (Fig. 2).
The PMCC developed in the Eocene, with extension beginning before ca. 
49  Ma and continuing (perhaps episodically) through the Late Eocene. The 
Wildhorse gneiss underwent high-grade metamorphism and partial melting 
during the early stages of extension, during and/or before emplacement of 
volu mi nous granitoids at ca. 47–50 Ma (Vogl et al., 2012). The base of the mid-
dle structural plate of the Wildhorse gneiss (Fig. 2, cross section) underwent 
metamorphism at depths of ~11–15 km as a result of emplacement of the 48–
49 Ma granodiorite sheet. Penetrative strain accompanied amphibolite-facies 
metamorphism throughout the Wildhorse gneiss and the basal middle plate 
(Vogl et al., 2012). The pervasive strain, metamorphism, melting, and wide-
spread small-scale intrusions obscure the primary contact relationships be-
tween individual units within the basement exposures.
Structurally above the Eocene granodiorite is quartzite, marble, and schist 
of the middle structural plate of the PMCC. Along this boundary, Vogl et al. 
(2012) have identified significant structural omissions that predate intrusion of 
the granodiorite sheet. They suggested that the boundary was an extensional 
fault along which the granodiorite intruded (Fig. 2, cross section).
Ma et  al. (2016) examined zircons in Paleozoic wall rocks of the Idaho 
batholith in the Sawtooth Mountains (location shown in Fig. 1 inset). Their 
samples all contain Mesoproterozoic (Grenville-age) zircons 1200–1000  Ma 
and are therefore younger than any of the Wildhorse gneiss complex. These 
rocks likely are of the same age as metaquartzites and calc-silicate schists 
in the  middle structural plate within the Pioneer Mountains, structurally above 
the Wildhorse gneiss (unit OCZs on Fig. 2).
The upper plate of the core complex, above the Wildhorse detachment 
fault, contains Paleozoic sedimentary rocks of the central Idaho thrust belt 
including the Devonian Milligen Formation and Pennsylvanian and Permian 
Sun Valley Group (Mahoney et al., 1991; Link et al., 1995, 2014). To the north 
and east of the PMCC and the Pioneer thrust fault (Fig. 1 inset), upper-plate 
strata belong to the Lower Mississippian Copper Basin Group (Link et al., 1996; 
 Beranek et al., 2016).
METHODS
Durk (2007) conducted field mapping and sampling of the headwaters of 
Wildhorse Creek. Cameron (2010) mapped and sampled a section of the Wild-
horse gneiss on the southwest flank of the dome. To complement this Idaho 
State University senior thesis work, Vogl and Foster conducted reconnaissance 
sampling in 2013.
Zircon grains from Wildhorse Creek alluvium and Wildhorse complex ortho-
gneiss and paragneiss were handpicked from heavy-mineral concentrates, 
placed onto double-sided tape, together with either Duluth Gabbro (FC1) or 
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Figure 2. Geologic map and cross section of the gneiss complex of Wildhorse Creek, showing locations of samples discussed in this paper. Inset map shows regional context of Pioneer 
Mountain core complex (PMCC). Cross section shows structural arrangement of map units, and serves also as a stratigraphic diagram. WGC—Wildhorse Gneiss Complex.
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Temora reference zircons, cast into epoxy disks and sectioned approximately 
in half, and polished. Transmitted- and reflected-light photomicrographs and 
cathodoluminescence (CL) images were made for all grains. Because the zir-
con grains from these gneissic samples have thin metamorphic rims, likely 
Eocene in age, for the purposes of this study, the areas analyzed were con-
centrated on the central areas that were considered to record the primary 
protolith history. The U-Pb analyses for 14 samples were carried out using 
sensitive high-resolution ion microprobe–reverse geometry (SHRIMP-RG and 
SHRIMP II) at the Research School of Earth Sciences, The Australian National 
University, Canberra, Australia, following procedures described in Williams 
(1998) and references therein. The data have been processed using the SQUID 
Excel macro of Ludwig (2000). Plots and age calculations were carried out 
 using Isoplot/Ex, version 3.00 (Ludwig, 2003). A concordance filter of 20% was 
used for the paragneiss samples. GPS locations and sample descriptions are 
in Table S11. Data for samples run on the SHRIMP are shown in Table S22. Two 
other samples, DF-13-01 and DF-13-02, were dated by laser ablation–multicol-
lector–inductively coupled mass spectrometry (LA-MC-ICPMS) at the Univer-
sity of Florida using methods similar to those described in Foster et al. (2012); 
data are given in Table S33.
We ran Lu-Hf isotopes on selected 675 Ma detrital zircons from a subsur-
face sample of Big Lost River alluvium, using LA-MC-ICPMS at the Arizona 
Laserchron Laboratory, following the methods outlined in Cecil et al. (2011) and 
Gehrels and Pecha (2014). Data are in Table S44. Hf isotopic values bear on the 
nature of the crust that was partially melted to produce the plutons in which 
the zircons crystallized (Kinny and Maas, 2003; Goodge and Vervoort, 2006; 
Bahlburg et al., 2011).
LITHOLOGIES AND U-Pb GEOCHRONOLOGY
Here, we report the first U-Pb zircon geochronology of the Wildhorse gneiss 
complex. We have dated all the map units designated by Dover (1983), span-
ning the complete exposed structural section around the Wildhorse dome. The 
new geologic map, incorporating these age assignments and revised informal 
unit names, is shown in Figure 2. The cross section on this figure shows the 
interpreted structural positions of those mapped units. Field photographs of 
representative lithologies are shown in Figure 3. Representative cathodolumi-
nescence (CL) images are shown in Figure 4 and Figure S15.
Lower Paragneiss
The lower paragneiss (map unit ZYwlg; lower gneiss of Dover, 1983) crops 
out in the canyon and lower slopes of middle Wildhorse Creek, as well as in 
three cirques to the southwest in the flat-lying core of the dome (Fig. 2). Para-
gneiss is recognized by the presence of lenses of gneissose quartzite (metamor-
phosed sandstone), marble, calc-silicate schist, and biotite schist. The unit con-
tains mainly quartzite-bearing gneiss at the base with calcareous schist in the 
upper part. Foliation is defined by biotite. The units are intruded by meter-scale 
dikes, variably migmatitic, with in situ melt in the quartzofeldspathic parts. The 
detrital quartz grains in the quartzite pods and lenses have been recrystallized 
and display sutured contacts. The minimum unit thickness is ~200 m.
Sample 26PL09 from the lower paragneiss is an orthoquartzite from the 
Wildhorse mine (Fig. 2); this sample appears to be cross laminated (Fig. 3A). 
Zircon plots for the lower paragneiss are shown in Figure 5. The analyses scat-
ter widely on a Wetherill concordia plot (Fig. 5A). The probability density plot 
(Fig. 5B) of radiogenic 207Pb/206Pb dates for 40 of the 50 grains analyzed shows 
a considerable range from ca. 2500 Ma to ca. 3250 Ma, with few clear age 
groupings (Table S2C [see footnote 2]). Despite the discordance, it is clear that 
this orthoquartzite has a dominant Archean protolith.
Sample DF-13-02 is an orthoquartzite interlayered with marble and calc-sili-
cate rocks. The zircon grains all yield discordant analyses and scatter widely on 
a Wetherill concordia plot (Fig. 5C; Table S3B [see footnote 3]). Nevertheless, 
all grains record Neoarchean 207Pb/206Pb dates.
Sample 54PL09 (Figs. 5D and 5E; Table S2D [see footnote 2]) is an ortho-
quartzite adjacent to partially melted zones and multiple crosscutting granitic 
dikes near the confluence of the east and west forks of Wildhorse Creek. Thin 
light-colored rims are present on some grains, but overall, the analyses scatter 
widely on a Wetherill concordia plot (Fig. 5D). The 14 least discordant grains 
in 54PL09 have 207Pb/206Pb dates ranging from ca. 3.2 to ca. 2.4 Ga (Fig. 5E), 
suggesting a diverse Neoarchean provenance. The youngest discordant zircon 
is 687 Ma.
Sample 1AC09 is from a 1 m lens of quartzite within impure marble from 
the Left Fork of Wildhorse Creek. The zircon grains from this sample are char-
acterized by mottled surfaces under transmitted light, which indicates that they 
DR Table 1  Link et al. Pioneer Mtns, ID
Table Plot on 
Fig.
CL 
image 
DR or 
Fig. 4 Sample Easting Northing Elev. Ft
2A Fig. 10 no 58PL05 114.0981W 43.7833N 7811 Wildhorse Ck Alluvium
2C Fig. 5A,B no 26PL09 114.0853W 43.8259N 7333 Qzte by Wildhorse Mine
3B Fig. 5C no DF-13-02 114.1017W 43.8068N Quartzite from lower paragneiss
2D Fig. 5D,E DR4A 54PL09 114.0959W 43.7749N 7960 Qzte by Wildhorse Forks
2B Fig. 5F, G Fig. 4A 1AC09 114.0961W 43.7715N 8167
1 m white quartzite, L Fk Wildhorse Ck, 
interbedded with marble
2E Fig. 6A Fig. 4B 6PL05 114.1240W 43.8142N 8773 Felsic gneiss south of river in glaciated cliffs
2F Fig. 6B no 1KD06 114.1265W 43.8153N 8751
Felsic gneiss, medium to large grain size, 
mostly amber, some clear 
2G Fig. 6C no 14AC09 114.1121W 43.7596N 8955 Felsic gneiss 
2H Fig. 6D no 17AC09 114.1040W 43.7619N 8275 Lower gneiss
2I Fig. 7A,B no 4PL05 114.1339W 43.8121N 9054 Calc silicate gneiss just above felsic gneiss
3A Fig. 7C no DF-13-01 114.1105W 43.7977N Amphibolite ffrom middle gneiss
2J Fig. 8A,B Fig. 4C 14KD06 114.0819W 43.7980N 9220
Upper quartzite, small grain size, mostly clear and 
some cloudy colored, mostly euhedral small grains 
with some anhedral 
2K Fig. 8C,D DR4B 24KD06 114.0688W 43.6779N 9757 Upper quartzite
2L Fig. 9 no 12KD06 114.0897W 43.7953N 7956
Biotite schist, sheared granitic rock, small grain size, 
mostly clear and some amber colored, subrounded 
to euhedral
2M Fig. 9 Fig. 4D 23KD06 114.0673W 43.7492N 9504 Orthogneiss
2N Fig. 9 DR4C 28KD06 114.0697W 43.7598N 9344 Orthogneiss
5 Fig. 11 no CM142-78 113.0192W 43.6418N
4991 at 
surface Sand from drill core at 780 feet deep
Table 2.  U-Pb zircon SHRIMP data for Pioneer Mountains, Idaho
Table 2A. Fig. 10.  Summary of SHRIMP U-Pb zircon results for sample 58PL05.
            Total Ratios             Radiogenic Ratios Age (Ma)
Grain. U Th Th/U 206Pb* 204Pb/ f206
238U/ 207Pb/ 206Pb/ 207Pb/ 207Pb/ 206Pb/ 207Pb/ %
spot (ppm)(ppm) (ppm) 206Pb % 206Pb ± 206Pb ± 238U ± 235U ± 206Pb ± ρ 238U ± 206Pb ± Disc
1.1 104 60 0.58 9.0 0.000377 0.67 9.951 0.227 0.0666 0.0019 0.0998 0.0023 0.841 0.050 0.0611 0.0033 0.390 613 13 644 117 5
2.1 83 72 0.86 24.5 0.000095 0.15 2.910 0.045 0.1126 0.0015 0.3433 0.0060 5.298 0.214 0.1119 0.0030 0.843 1903 29 1831 49 -4
3.1 197 79 0.40 87.5 0.000059 0.08 1.937 0.025 0.1797 0.0011 0.5166 0.0069 12.846 0.209 0.1803 0.0010 0.953 2685 29 2656 9 -1
4.1 424 123 0.29 88.1 0.000373 0.61 4.137 0.051 0.0970 0.0023 0.2403 0.0030 3.042 0.092 0.0918 0.0025 0.408 1388 15 1464 53 5
5.1 138 111 0.80 39.6 0.000146 0.23 2.992 0.041 0.1122 0.0012 0.3340 0.0051 5.134 0.169 0.1115 0.0024 0.859 1858 25 1824 39 -2
6.1 125 71 0.56 11.4 0.000549 0.97 9.479 0.140 0.0702 0.0016 0.1045 0.0016 0.897 0.054 0.0623 0.0036 0.254 641 9 683 124 6
7.1 56 29 0.52 5.6 0.000594 1.05 8.699 0.167 0.0719 0.0023 0.1138 0.0023 0.993 0.080 0.0633 0.0049 0.249 695 13 719 165 3
8.1 88 80 0.91 27.0 0.000122 0.19 2.790 0.042 0.1190 0.0015 0.3577 0.0054 5.788 0.120 0.1173 0.0017 0.732 1971 26 1916 25 -3
9.1 553 105 0.19 21.7 0.000690 3.20 21.92 0.31 0.0776 0.0020 0.0442 0.0006 278.5 4.0
10.1 5 3 0.63 0.6 0.008840 11.81 7.378 0.419 0.1609 0.0131 0.1195 0.0073 727.9 42.1
11.1 380 196 0.51 100.8 0.000092 0.14 3.240 0.038 0.1088 0.0008 0.3082 0.0036 4.571 0.068 0.1076 0.0010 0.797 1732 18 1759 16 2
12.1 162 67 0.41 34.5 0.000284 0.46 4.037 0.056 0.0921 0.0012 0.2471 0.0036 3.068 0.097 0.0901 0.0020 0.767 1424 19 1427 43 0
13.1 982 197 0.20 211.5 0.000016 0.03 3.988 0.044 0.0909 0.0005 0.2507 0.0027 3.134 0.038 0.0907 0.0005 0.906 1442 14 1439 10 0
14.1 381 282 0.74 34.9 0.000091 0.16 9.374 0.115 0.0642 0.0010 0.1065 0.0013 0.923 0.021 0.0629 0.0012 0.532 652 8 704 42 7
15.1 712 351 0.49 4.8 0.002010 2.17 126.2 2.0 0.0642 0.0025 0.0078 0.0001 49.8 0.8
16.1 28 37 1.29 8.6  - <0.01 2.829 0.065 0.1241 0.0027 0.3535 0.0081 6.054 0.193 0.1242 0.0027 0.720 1951 39 2017 39 3
17.1 645 156 0.24 22.5 0.001303 5.87 24.66 0.32 0.0980 0.0016 0.0382 0.0005 241.5 3.2
18.1 14 8 0.61 1.5 0.004806 9.18 8.257 0.297 0.1373 0.0072 0.1100 0.0042 672.7 24.4
19.1 237 65 0.27 28.9 0.000338 0.59 7.045 0.091 0.0933 0.0013 0.1384 0.0019 1.373 0.059 0.0720 0.0025 0.670 835 11 986 72 15
20.1 617 146 0.24 55.4 0.000231 0.41 9.567 0.112 0.0649 0.0007 0.1041 0.0012 0.884 0.020 0.0616 0.0012 0.527 638 7 660 41 3
22.1 260 98 0.38 102.6 0.000074 0.10 2.176 0.026 0.1634 0.0009 0.4592 0.0056 10.287 0.141 0.1625 0.0010 0.888 2436 25 2482 11 2
23.1 369 278 0.75 35.2 0.000171 0.30 9.003 0.115 0.0659 0.0009 0.1107 0.0014 0.969 0.033 0.0635 0.0020 0.380 677 8 724 67 6
24.1 289 207 0.72 5.7 0.033390 64.95 43.80 0.71 0.5617 0.0098 0.0080 0.0004 51.4 2.7
25.1 154 111 0.72 1.2 0.004919 11.73 110.1 2.9 0.1400 0.0078 0.0080 0.0002 51.5 1.5
26.1 198 97 0.49 1.4 0.004023 11.77 119.6 2.8 0.1402 0.0068 0.0074 0.0002 47.4 1.2
27.1 221 83 0.38 22.2 0.000732 1.29 8.564 0.113 0.0703 0.0012 0.1153 0.0016 0.949 0.048 0.0597 0.0029 0.267 703 9 593 107 -19
28.1 266 80 0.30 8.9 0.000764 3.28 25.59 0.36 0.0772 0.0019 0.0378 0.0006 239.2 3.4
29.1 469 187 0.40 3.4 0.003772 7.16 119.6 2.1 0.1037 0.0038 0.0078 0.0001 49.8 0.9
30.1 649 287 0.44 4.4 0.001054 2.32 126.6 2.0 0.0654 0.0031 0.0077 0.0001 49.5 0.8
31.1 452 79 0.17 3.7 0.010766 20.13 104.1 1.8 0.2064 0.0057 0.0077 0.0002 49.2 1.0
32.1 1158 566 0.49 247.6 0.000034 0.06 4.018 0.043 0.0915 0.0004 0.2487 0.0026 3.120 0.037 0.0910 0.0005 0.898 1432 14 1446 10 1
33.1 217 216 0.99 20.7 0.000343 0.60 9.013 0.124 0.0702 0.0013 0.1103 0.0015 0.992 0.042 0.0653 0.0026 0.333 674 9 783 83 14
35.1 444 200 0.45 116.5 0.000062 0.10 3.277 0.037 0.1091 0.0007 0.3049 0.0035 4.552 0.062 0.1083 0.0008 0.845 1716 17 1771 13 3
37.1 9 3 0.30 0.9 0.003443 6.07 8.557 0.381 0.1505 0.0097 0.1098 0.0061 1.561 0.421 0.1032 0.0272 0.205 671 35 1682 487 60
38.1 1189 7 0.01 8.8 0.000366 1.77 116.5 1.5 0.0611 0.0022 0.0084 0.0001 54.1 0.7
39.1 253 113 0.45 24.5 0.000452 0.80 8.884 0.117 0.0685 0.0012 0.1117 0.0015 0.954 0.039 0.0620 0.0024 0.327 682 9 674 83 -1
40.1 78 15 0.19 2.6 0.004853 8.23 26.13 0.62 0.1164 0.0047 0.0351 0.0009 222.5 5.4
41.1 24 7 0.29 2.4 0.002290 4.03 8.312 0.228 0.1021 0.0044 0.1155 0.0037 1.103 0.221 0.0693 0.0137 0.159 704 21 907 407 22
42.1 75 56 0.75 21.8 0.000266 0.41 2.945 0.048 0.1147 0.0017 0.3382 0.0056 5.179 0.155 0.1111 0.0028 0.553 1878 27 1817 45 -3
44.1 646 327 0.51 4.8 0.000285 2.76 114.6 1.7 0.0690 0.0025 0.0085 0.0001 54.5 0.8
Notes : 1.  Uncertainties given at the one σ level.
2. Error in FC1 Reference zircon calibration was 0.71% for the analytical sessions.
 ( not included in above errors but required when comparing 206Pb/238U data from different mounts).
3.  f206 % denotes the percentage of 
206Pb that is common Pb.
4.  For areas older than ~800 Ma correction for common Pb made using the measured 204Pb/206Pb ratio.
5.  For areas younger than ~800 Ma correction for common Pb made using the measured 238U/206Pb  and 207Pb/206Pb ratios 
 following Tera and Wasserburg (1972) as outlined in Williams (1998).
6.  For % Disc, 0% denotes a concordant analysis.
 Table 3:  U-Pb isotopic data for samples from Pioneer complex, Idaho
Ages in Ma
Grain Name 206Pb/238U 1 s error 207Pb/235U 1 s error 207Pb/206Pb 1 s error 206Pb/238U 2 s error 207Pb/235U 2 s error 207Pb/206Pb 2 s error % Discordance
Table 3 page A. Sample DF-13-01, Fig. 7C
DF13_01_1 0.3004 0.0019 4.62210 0.03073 0.11161 0.00023 1693 19 1753 11 1826 7 7
DF13_01_2 0.2857 0.0035 4.46997 0.05520 0.11349 0.00028 1620 35 1725 20 1856 9 13
DF13_01_3 0.27825 0.00218 4.27028 0.03471 0.11130 0.00025 1583 22 1688 13 1821 8 13
DF13_01_4 0.29175 0.00130 4.54660 0.02583 0.11303 0.00040 1650 13 1739 9 1849 13 11
DF13_01_5 0.00696 0.00004 0.04790 0.00056 0.04990 0.00051 45 0 48 1 191 48 77
DF13_01_6 0.26354 0.00517 4.07157 0.08055 0.11205 0.00028 1508 53 1649 32 1833 9 18
DF13_01_8 0.28864 0.00417 4.46444 0.06532 0.11218 0.00025 1635 42 1724 24 1835 8 11
DF13_01_9 0.26457 0.00388 4.02866 0.05981 0.11044 0.00024 1513 40 1640 24 1807 8 16
DF13_01_10 0.26814 0.00104 4.19197 0.02153 0.11338 0.00038 1531 11 1672 8 1854 12 17
DF13_01_11 0.25550 0.00217 3.90926 0.03435 0.11097 0.00025 1467 22 1616 14 1815 8 19
DF13_01_12 0.29559 0.00460 4.55068 0.07149 0.11166 0.00023 1669 46 1740 26 1827 8 9
DF13_01_13 0.28899 0.00446 4.51586 0.07069 0.11333 0.00030 1636 45 1734 26 1854 10 12
DF13_01_15 0.26055 0.00260 4.08917 0.04214 0.11383 0.00029 1493 27 1652 17 1861 9 20
DF13_01_16 0.19315 0.00133 2.77519 0.02011 0.10421 0.00024 1138 14 1349 11 1700 9 33
DF13_01_17 0.29729 0.00162 4.61430 0.02795 0.11257 0.00030 1678 16 1752 10 1841 10 9
DF13_01_18 0.24326 0.00803 3.91939 0.13078 0.11685 0.00056 1404 83 1618 53 1909 17 26
DF13_01_19 0.29188 0.00123 4.61016 0.02831 0.11456 0.00051 1651 12 1751 10 1873 16 12
DF13_01_20 0.28329 0.00275 4.42955 0.04544 0.11340 0.00038 1608 28 1718 17 1855 12 13
DF13_01_21 0.22676 0.00990 3.50173 0.15326 0.11200 0.00037 1317 104 1528 68 1832 12 28
DF13_01_25 0.24929 0.00388 3.97834 0.09127 0.11575 0.00195 1435 40 1630 37 1892 61 24
DF13_01_26 0.26495 0.00303 4.05721 0.04718 0.11106 0.00024 1515 31 1646 19 1817 8 17
DF13_01_28 0.28808 0.00128 4.50201 0.02510 0.11334 0.00038 1632 13 1731 9 1854 12 12
DF13_01_30 0.24027 0.00574 3.74865 0.09014 0.11315 0.00030 1388 60 1582 38 1851 10 25
DF13_01_31 0.00707 0.00005 0.05569 0.00247 0.05716 0.00251 45 1 55 5 498 193 91
DF13_01_33 0.28910 0.00260 4.43636 0.04096 0.11130 0.00022 1637 26 1719 15 1821 7 10
DF13_01_35 0.28361 0.00140 4.42576 0.02444 0.11318 0.00028 1609 14 1717 9 1851 9 13
DF13_01_37 0.30202 0.00140 4.68749 0.02468 0.11257 0.00028 1701 14 1765 9 1841 9 8
DF13_01_38 0.28934 0.00275 4.50190 0.04370 0.11285 0.00023 1638 27 1731 16 1846 7 11
DF13_01_40 0.28548 0.00118 4.43667 0.02108 0.11271 0.00026 1619 12 1719 8 1844 8 12
DF13_01_41 0.29316 0.00176 4.56427 0.02966 0.11292 0.00028 1657 18 1743 11 1847 9 10
DF13_01_43 0.25998 0.00175 4.10521 0.03237 0.11452 0.00047 1490 18 1655 13 1872 15 20
DF13_01_44 0.29485 0.00148 4.55991 0.02531 0.11216 0.00027 1666 15 1742 9 1835 9 9
DF13_01_47 0.26780 0.00574 4.13249 0.08915 0.11192 0.00026 1530 58 1661 35 1831 8 16
DF13_01_49 0.23984 0.00560 3.67677 0.08643 0.11119 0.00031 1386 58 1566 37 1819 10 24
DF13_01_50 0.31152 0.00247 4.85736 0.04105 0.11309 0.00033 1748 24 1795 14 1850 11 5
1Supplemental Table S1. GPS locations of samples 
presented in this study. Table where data are shown 
and figure numbers are indicated. Please visit http:// 
doi .org /10 .1130 /GES01418 .S1 or the full-text article 
on www .gsapubs .org to view Table S1.
2Supplemental Table S2. U-Pb sensitive high-resolu-
tion ion microprobe (SHRIMP) data for the samples 
described in this paper. Please visit http:// doi .org /10 
.1130 /GES01418 .S2 or the full-text article on www 
.gsapubs .org to view Table S2.
3Supplemental Table S3. U-Pb data for the samples run 
on laser ablation–multicollector–inductively  coupled 
plasma mass spectrometry (LA-MC-ICPMS) at the 
University of Florida. Sample localities and figure in 
the paper are specified in Table S1. Please visit http:// 
doi .org /10 .1130 /GES01418 .S3 or the full-text article on 
www .gsapubs .org to view Table S3.
Table-DR4 . Hf isotopic data for CM142-780, USGS Drillhole 142, 780 ft deep.
Sample (176Yb + 176Lu) / 176Hf (%) Volts Hf 176Hf/177Hf ± (1σ) 176Lu/177Hf76Hf/177Hf (T E-Hf (0) -Hf (0) ± (1σ E-Hf (T) Age (Ma)
LINKCM142-780-185 21.4 3.3 0.282476 0.000045 0.001299 0.282459 -10.9 1.6 3.4 666
LINKCM142-780-G060 11.8 5.8 0.282353 0.000032 0.000716 0.282344 -15.3 1.1 -0.7 669
LINKCM142-780-G156 19.7 6.8 0.282366 0.000035 0.001253 0.282351 -14.8 1.2 -0.4 672
LINKCM142-780-G124 7.3 5.6 0.282377 0.000046 0.000443 0.282371 -14.4 1.6 0.4 672
LINKCM142-780-G091 17.7 6.4 0.282342 0.000035 0.000974 0.282330 -15.7 1.2 -1.1 673
LINKCM142-780-G244 14.9 6.2 0.282304 0.000031 0.000875 0.282293 -17.0 1.1 -2.4 674
LINKCM142-780-G306 15.9 5.1 0.282387 0.000044 0.000947 0.282375 -14.1 1.6 0.6 676
LINKCM142-780-G199 10.9 5.1 0.282390 0.000036 0.000772 0.282381 -14.0 1.3 0.8 676
LINKCM142-780-G145 8.2 5.8 0.282430 0.000028 0.000521 0.282424 -12.5 1.0 2.3 677
LINKCM142-780-G124 11.1 3.2 0.282359 0.000045 0.000734 0.282349 -15.1 1.6 -0.3 677
4Supplemental Table S4. Lu-Hf data from detrital zir-
cons in U.S. Geological Survey Drill Hole 142. Please 
visit http:// doi .org /10 .1130 /GES01418 .S4 or the full-
text article on www .gsapubs .org to view Table S4.
A. 54PL09
lower
para-
gneiss
C.  14KD06
upper
paragneiss
D. 
24KD06
upper
para-
gneiss
E.
23KD06
upper
ortho-
gneiss
28KD06
upper
ortho-
gneiss
B. 1AC09 
lower
para-
gnneiss 
5Supplemental Figure S1. Cathodoluminescence im-
ages of several of the zircon populations sampled: 
(A) 54PL09 lower paragneiss, (B) 24KD06 middle para-
gneiss, and (C) 28KD06 upper orthogneiss. Please visit 
http:// doi .org /10 .1130 /GES01418 .S5 or the full-text arti-
cle on www .gsapubs .org to view Figure S1.
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have been significantly modified since primary crystallization. The CL images 
(Fig. 4A) show that many are cracked and have irregular internal structures. For 
the 44 grains analyzed, there is a wide variety of apparent ages ranging from 
the Eocene (ca. 50 Ma) to Archean (ca. 2865 Ma) (Figs. 5F and 5G; Table S2B 
[see footnote 2]). There is a prominent Proterozoic grouping of 11 analyses that 
define a discordia trend with an upper intercept at 1710 ± 30 Ma (Fig. 5G) to a 
lower intercept at ca. 94 Ma. As expected, there are a number of areas of new 
zircon growth that relate to superimposed younger events, including those in 
the Eocene, and perhaps during the Ordovician.
Felsic Orthogneiss
Felsic orthogneiss ~700 m thick overlies the lower paragneiss around the 
entire Wildhorse dome (map unit Wwfg, Middle gneiss of Dover, 1983). The 
rock is light-gray to white, equigranular, fine to medium grained, and varies 
from biotite quartz monzonite to trondhjemite gneiss. The lower contact of this 
paragneiss is sharp but not well exposed. We follow Cameron (2010) and inter-
pret the contact as a thrust fault. The felsic orthogneiss forms the high walls of 
many of the cirques in the area.
B.  6PL05
B  Archean 
(2650 Ma) felsic 
orthogneiss
26PL09
A  26PL09
Lower 
quarzititic 
paragneiss
D  23KD06
Neoproterozoic
(695 Ma) 
orthogneiss
C  4PL05
Folded
calc-silicate
(meta-Belt?)
Figure 3. Field photographs of main litho-
logic units. (A) Quartzitic lower para-
gneiss, Wildhorse Creek (sample 26PL09). 
(B) Archean orthogneiss (sample 6PL05) 
east of Boulder Creek. (C) Folded calc-
sili cate gneiss from middle gneiss, inter-
preted as metamorphosed Belt Super-
group (sample 4PL05). (D) Neoproterozoic 
orthogneiss (sample 23KD06).
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Zircons from four samples were dated from the north and southwest 
flanks of the Wildhorse dome (Fig. 6; samples 6PL05, 1KD06, 14AC09, and 
17AC09; Tables S2E–S2H [see footnote 2]); a field photograph is given in 
Figure 3B with the Wetherill concordia plots given in Figure 6. Magmatic 
zircon grains in the felsic orthogneiss are clear, elongate prismatic, eu-
hedral to subhedral, with a maximum size of ~275 microns (Fig. 4B). The 
larger zircons have well-defined oscillatory CL zoning. Most of the grains 
have diffuse central areas with a thin rim, and some have metamict cores. 
The U-Pb data from all four samples define simple discordia regression 
arrays with upper intercept ages ranging from ca. 2595 Ma to ca. 2670 Ma 
(Fig. 6). We interpret the crystallization of this orthogneiss to be between 
2.60 Ga to 2.65 Ga. The lower concordia intercepts for the regression lines 
range from ca. 100 to ca. 55 Ma, consistent with variable radiogenic lead 
loss during Eocene magmatism and metamorphism. The elevated U and 
lower Th/U ratios in some rims suggest that they are due to Eocene par-
tial melting.
B 6PL05 Neoarchean felsic orthogneiss D   23KD06 upper orthogneiss (Neoproterozoic)
A  1AC09  lower paragneiss
C   14KD06 upper paragneiss
Figure 4. Cathodoluminescence images. 
(A) Cathodoluminescence (CL) images for 
quartzose paragneiss sample 1AC09 from 
the lowest exposed rocks in the Wildhorse 
gneiss. The grains are rounded, and origi-
nally detrital, but the zircon age distribu-
tion is complex. Several detrital grains are 
1740–1620  Ma, but Paleozoic and Eocene 
zircons are also present. These grains 
crystallized during a complex metamor-
phic and intrusive history. (B) CL image 
for sample 6PL05, a 2.6  Ga Neoarchean 
felsic orthogneiss (photograph in Fig. 3B), 
structurally low in the Wildhorse gneiss. 
This rock unit is correlated with the Neo-
archean meta-intrusive rocks of the Grouse 
Creek block. (C)  CL image for sample 
14KD06, a Mesoproterozoic (or younger) 
quartzitic paragneiss interpreted to be 
metamorphosed Belt Supergroup.  Zircons 
are rounded (detrital), and have both 
zoned magmatic and diffuse metamorphic, 
eroded cores. All <10% discordant grains 
are 1760–1490  Ma. Light-colored rims are 
likely Eocene. (D) CL image for sample 
28KD06, Neoproterozoic orthogneiss (Zog) 
(see photograph in Fig. 3D). All euhedral 
zircons have magmatic zoning, and are ca. 
700 Ma.
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Figure 5. U-Pb detrital-zircon data from quartzitic lower paragneiss. 
(A)  Wetherill concordia plot showing U-Pb analyses of dated detrital- 
zircon from sample 26PL09 (<20% discordance, n = 40/50; Table S2C [see 
footnote 2]). Analyses ≤20% discordant plotted as 1σ error ellipses. The 
detrital grains have dominantly Archean 207Pb/206Pb ages (see Fig. 4B). 
(B) Probability density plot of 207Pb/206Pb ages for detrital-zircon grains 
analyzed from sample 26PL09. (C) U-Pb concordia plot from sample 
DF-13-02. Analyzed at University of Florida (Table S3B [see footnote 
3]). (D) Concordia plot of sample 54PL09, lower gneiss at the East Fork 
Wildhorse Creek crossing, showing U-Pb analyses of detrital zircons. 
Twenty-six of 41 grains were <20% discordant; Table S2D (see footnote 
2). Analyses plotted as 1σ error ellipses. (E) Probability density plot of 
detrital-zircon ages, sample 54PL09. Fifteen of 41 grains were <20% dis-
cordant. (F) Lower end of concordia plot (Paleozoic and younger grains) 
from sample 1AC09 (Table S2B [see footnote 2]). Analyses plotted as 
1σ error ellipses. (G) Upper end of concordia plot (Proterozoic grains) 
from sample 1AC09. Analyses plotted as 1σ error ellipses. MSWD—mean 
square of weighted deviates; conf—confidence.
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Middle Paragneiss
The felsic orthogneiss is overlain across a sheared zone or a sharp contact 
by a heterogeneous package of metasedimentary rocks, which we refer to as 
the middle paragneiss (map unit XYwmg; Mafic gneiss of Dover, 1983). This 
unit is dominated by fine- to medium- grained, equigranular, thinly layered 
metapsammitic paragneiss that is interlayered with quartzite gneiss and con-
tains several intervals of diopside-bearing calc-silicate rock (Fig. 3C). The unit 
contains locally abundant amphibolite that cuts the calc-silicate. The amphibo-
lite is commonly isoclinally folded and boudinaged. Overall, this unit is highly 
strained as indicated by the folds, boudins of Eocene leucogranite, and por-
phyroclastic quartz-feldspar aggregates. The structural thickness of this unit 
is ~500–700 m.
Zircon age data from the middle paragneiss are shown in Figure 7.  Detrital 
zircons were analyzed from a calc-silicate (4PL05) from the lower part of the 
middle paragneiss at the north end of the Wildhorse dome. The zircons are 
predominantly round and subround grains with a few that are euhedral in 
shape; overall they are considered to be detrital. Twenty-one of 29 grains ana-
lyzed record U-Pb ages that are less than 20% discordant (Fig. 7A and Table 
S2I [see footnote 2]). The 207Pb/206Pb ages of these low-discordance grains 
range from ca. 1800 Ma to ca. 1400 Ma, with one grain at ca. 2600 Ma (Fig. 
7B). The morphology and age data suggest that the sandstone protolith was 
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Figure 6. U-Pb data from felsic orthogneiss. 
(A) U-Pb concordia plot from felsic gneiss 
east of Boulder Creek (sample 6PL05; Table 
S2E [see footnote 2]). Photo in Figure 4B. 
Upper intercept age of 2674 ± 9 Ma. Analy-
ses plotted as 1σ error ellipses. (B) U-Pb 
concordia plot from felsic gneiss (sample 
1KD06; Table S2F [see footnote 2]). Analy-
ses plotted as 1σ error ellipses. (C) U-Pb 
concordia plot from felsic gneiss (sample 
14AC09; Table S2G [see footnote 2]).  Upper 
intercept age of 2597  ± 8.5  Ma. Analy-
ses plotted as 1σ error ellipses. (D) U-Pb 
concordia plot from felsic gneiss (sample 
17AC09; Table S2H [see footnote 2]). Upper 
intercept age of 2661  ± 7.5  Ma. Analyses 
plotted as 1σ error ellipses. MSWD—mean 
square of weighted deviates; conf—confi-
dence.
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not deposited earlier than 1400 Ma and clearly could be much younger given 
the limited data set on this sample.
Sample DF-13-01 comes from a medium-grained lens of amphibolite within 
the middle part of the middle paragneiss unit where mafic boudins are abun-
dant. The analyses scatter about a discordia trend with an upper intercept of 
1860 ± 20 Ma (Fig. 7C; Table S3A [see footnote 3]). There are three possibilities 
for this age, all of which require the middle part of the middle paragneiss to 
be Paleoproterozoic or older. (1) If these boudins were basalt flows or synsedi-
mentary sills, then this part of the section was deposited at ca. 1860 Ma. (2) If 
the zircon is metamorphic in origin, then the 1860 Ma zircon ages represent a 
minimum age of deposition of this part of the section. (3) If the boudins were 
originally mafic dikes, then the section must be older than 1860 Ma. Regard-
less of the interpretation, these data indicate that the entire middle paragneiss 
is not a Mesoproterozoic clastic package as previously suggested (Link et al., 
2010) and that the protoliths of the lower exposures are younger than at least 
some of the structurally higher units.
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Figure 7. Middle paragneiss. (A) U-Pb detrital-zircon data from calc-silicate near the struc-
tural base of the middle paragneiss just west of Boulder Creek (sample 4PL05; Table S2I 
[see footnote 2]). Photo in Figure 3C. Concordia plot shows U-Pb analyses of dated de-
trital zircon. Twenty-one of 29 grains analyses are less than 20% discordant. Analyses 
plotted as 1σ error ellipses. (B) Probability density plot of detrital-zircon 207Pb/206Pb ages. 
Most grains are between 1800 Ma and 1400 Ma. (C) Concordia plot for sample DF-13-01, 
amphibo lite. Analyzed at University of Florida (Table S3A [see footnote 3]). MSWD—
mean square of weighted deviates; conf—confidence.
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Upper Paragneiss
Above the biotite-rich middle paragneiss is the upper paragneiss (map 
unit ZYwug; Upper gneiss of Dover, 1983), comprising gneissose quartz-
ite, quartzofeldspathic gneiss, minor calc-silicate, amphibolite, and fine- to 
coarse-grained augen gneiss. The unit is medium-gray to white, sometimes 
with a green hue, and medium fine to medium grained. The unit contains 
gneissose quartzite in the lower 10–30  m. Grains to granule size (>2  mm) 
are present east of Wildhorse Creek. The unit is intruded by Eocene and 
Neoproterozoic plutonic rocks in the upper part; the basal contact is irregu-
lar. On the southwest side of the Wildhorse dome, this unit is ~300 m thick 
( Cameron, 2010).
Data from detrital-zircon grains found in the gneissose quartzite are 
shown in Figure 8 (samples 14KD06 [Figs. 8A and 8B] and 24KD06 [Figs. 8C 
and 8D]; Tables S2J and S2K [see footnote 2]). The zircons are clear, some 
with a slight red hue, round to subround, ranging to elongate prismatic, sub-
hedral grains that are up to 200 µm length, with an overall average size of 
around 100 µm. The CL images (see Fig. 4C) show little-zoned to unzoned 
central areas that dominate each sectioned grain, with a very narrow bright 
CL rim to most.
The 207Pb/206Pb ages for the detrital zircons from both samples are generally 
between ca. 1450 and ca. 1800 Ma with prominent peaks ca. 1650–1700 and ca. 
1680 Ma, respectively (Fig. 8). Two older grains are recorded in sample 24KD06 
(ca. 2080 Ma and 2850 Ma) and also two Neoproterozoic grains. These age dis-
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Figure 8. U-Pb detrital-zircon data from 
quartzite in upper paragneiss. (A) Sam-
ple 14KD06 concordia plot showing U-Pb 
analyses of dated detrital zircon, n  = 13 
(Table S2J [see footnote 2]). (B) Relative 
probability plot of detrital-zircon ages 
(sample 14KD06). Grains range from 1475 
to 1775 Ma. (C) Sample 24KD06 concordia 
plot showing U-Pb analyses of dated de-
trital zircon (Table S2K [see footnote 2]). 
Thirty-four of 38 analyses <20% discor-
dant are shown. Analyses plotted as 1σ 
error ellipses. (D) Probability density plot 
of detrital-zircon 207Pb/206Pb ages (sam-
ple 24KD06). Grains range from 1475 to 
1875 Ma. conf—confidence.
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tributions are broadly similar to that of sample 4PL05 in the middle paragneiss 
but distinctly different than the solely Archean (>2500 Ma) and Paleoproterozoic 
(1700 Ma) detrital zircons in the four samples of the lower paragneiss. We in-
terpret the detrital-zircon 207Pb/206Pb age to indicate deposition after ca. 1.45 Ga.
Upper Orthogneiss
The upper orthogneiss (map unit Zog; unit Xog of Dover, 1983) contains 
multiple white to orange medium- to coarse-grained bodies of biotite-horn-
blende quartz monzonite gneiss (Fig. 3D). At the map scale, these appear as 
concordant foliated lenses up to several tens of meters thick. However, in more 
detail on the outcrop scale, the contacts of these bodies cut lithologic layering 
in the middle and upper paragneisses, indicating an intrusive relationship. The 
unit has been injected by amphibolite dikes and sills that are now deformed.
Zircon age data from the orthogneiss are shown in Figure 9. Grains in sam-
ples 12KD06, 23KD06, and 28KD06 are clear, elongate prismatic, euhedral to 
subhedral, with a maximum size of ~500 microns, and an average size of 200 
microns (CL images in Fig. 4D). The zircons in all three samples are interpreted 
to be simple zoned igneous crystals, but the subround nature of their exteriors 
implies postmagmatic processes have affected the grains.
Analyses from all three samples plot close to or within uncertainty of a 
Wetherill concordia, and in detail can be seen to form simple Pb-loss discordia 
trends, each with an upper intercept ca. 695 Ma (Figs. 9A–9C; Tables S2L–S2N 
[see footnote 2]; Durk, 2007). For sample 12KD06 (Fig. 9A), a linear regression 
has an upper concordia intercept at 692 ± 5 Ma (mean square of weighted de-
viates [MSWD] = 1.01, 20 analyses) with a lower intercept within uncertainty of 
the present day. Note that the analysis of grain 18 is discordant with an older 
207Pb/206Pb age. A weighted mean for the 20 207Pb/206Pb ages (Fig. 9D) gives 692 ± 
5 Ma (MSWD = 0.98). The 20 zircon grains analyzed from 23KD06 form a tight, 
collinear array with 19 of the 20 analyses being ≤10% discordant. Due to the lim-
ited amount of tightly clustered data, a regression line fitted to all 20 analyses is 
not precisely defined, with an upper intercept of 697 ± 9 Ma (MSWD = 1.05; Fig. 
9B). A weighted mean for the 207Pb/206Pb ages gives 696 ± 8 Ma (MSWD = 1.07, 
20 analyses) (Fig. 9E). As with the other two samples, the analyses from 28KD06 
(Fig. 9C) form a linear regression on a Wetherill concordia plot with upper in-
tercept at 696 ± 8 Ma (MSWD = 0.74). The lower intercept at ca. 220 Ma implies 
that the discordance arises, at least in part, from Mesozoic radiogenic Pb loss. 
The weighted-mean 207Pb/206Pb age therefore has some scatter (MSWD = 1.3) ca. 
693 ± 7 Ma (Fig. 9F). This correspondence in the weighted mean of upper-inter-
cept ages from all three samples, within two sigma error, leads to the conclusion 
that the crystallization age of the orthogneiss is ca. 695 Ma.
Wildhorse Creek Alluvium
The U-Pb data for the Neoproterozoic orthogneiss, and the discordance 
 arrays, are almost identical with that for the anomalous, or “ghost” Neo-
protero zoic grains with 650–710 Ma ages found in Wildhorse Creek (Fig. 10; 
Link et al., 2005; Hodges et al., 2009). The presence of 10% populations of these 
grains in Big Lost River alluvium suggested that the protolith must be present 
in the Pioneer Mountains. We now know that the source of these anomalous 
ages is the 695  Ma Neoproterozoic upper orthogneiss. Plutons of this gen-
eral age are significant because they are interpreted to be associated with rift- 
related magmatism that represents the rifting of Rodinia (Lund et al., 2003; Bal-
gord et al., 2013; Gaschnig et al., 2013; Keeley et al., 2013; Yonkee et al., 2014).
INITIAL εHf FROM NEOPROTEROZOIC ORTHOGNEISS
We analyzed ten detrital grains with U-Pb ages 666–677 Ma from drill core at 
238 m deep in U.S. Geological Survey (USGS) Drill Hole 142, in the lower Big Lost 
River drainage (Fig. 1; Table S4 [see footnote 4]; Mudge, 2016). Initial eHf clusters 
near zero (Fig. 11), between 3.4 and –2.4. This intermediate value suggests that 
the Neoproterozoic granitoid plutons were partially melted from continental crust 
with a juvenile mantle component. This mixed origin is consistent with coeval 
rift-related volcanic rocks in the Pocatello Formation (Keeley et al., 2013).
DISCUSSION
Timing of Igneous Activity
Neoarchean
The felsic orthogneiss in the Pioneer Mountains was intruded in the Neo-
archean. In all four samples, there is variable and at times significant radiogenic 
Pb loss, with the more concordant ages for two samples at ca. 2.66–2.67 Ga 
and the other two at ca. 2.60–2.61 Ga. The older 207Pb/206Pb age groupings are 
identical to intrusive ages from the Clearwater and Priest River complexes to 
the north as reported by Vervoort et al. (2015). The younger set of ages (2.60–
2.61 Ga) from the Pioneer Mountains approach the ca. 2.57 Ga ages from xeno-
liths in Miocene volcanics from ~50 km to the southwest and ca. 2.50–2.60 Ga 
from Craters of the Moon National Monument to the south (Wolf et al., 2005). 
Furthermore, basement orthogneiss (Green Creek gneiss) from the Albion and 
Raft River Mountains immediately south of the Snake River Plain (Fig. 1) has 
yielded ages of ca. 2.57 Ga (Strickland et al., 2011).
Paleoproterozoic
Our new age of ca. 1.85 Ga for amphibolite in the middle paragneiss indi-
cates that this unit, which was previously thought to have been deposited after 
ca. 1.45 Ga, locally contains metasedimentary rocks that are Paleoproterozoic or 
older. These ages also represent the southernmost exposures of rocks of this age 
that are prevalent to the north within both the Clearwater–Priest River block (Ver-
voort et al., 2015) and as inherited zircons within the Bitterroot lobe of the Idaho 
batholith (Gaschnig et al., 2013), as well as to the northeast along the Great Falls 
tectonic zone (e.g., Mueller et al., 2002, 2016; Vogl et al., 2004; Foster et al., 2006). 
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Figure 9. U-Pb zircon data from the upper 
orthogneiss (samples 12KD06, 23KD06, and 
28KD06). (A) Sample 12KD06 concordia 
plot showing U-Pb analyses of dated zircon 
(Table S2L [see footnote 2]). Analy ses plot-
ted as 1σ error ellipses. (B) Sample 23KD06, 
concordia plot showing U-Pb analyses 
of dated zircon (Table S2M [see footnote 
2]). Analyses plotted as 1σ error ellipses. 
(C) Sample 28KD06 concordia plot showing 
U-Pb analyses of dated zircon ( Table S2N 
[see footnote 2]). Analyses plotted as 1σ 
error ellipses. (D) Sample 12KD06 weighted 
average 207Pb/206Pb age. (E) Sample 23KD06 
weighted average 207Pb/206Pb age. (F) Sam-
ple 28KD06 weighted average 207Pb/206Pb 
age. MSWD—mean square of weighted 
deviates; conf—confidence.
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The association of ca. 1.85 Ga gneisses with 2.6–2.7 Ga gneisses appears 
to be common throughout limited exposures and xenoliths of the Medi-
cine Hat block (Foster et al., 2006, 2012; Gifford et al., 2012; Vervoort et al., 
2015) suggesting a relationship between the basement of the Grouse Creek 
and Medicine Hat blocks. Although we have only dated one sample of this 
age thus far, we note that there is less than 1000  m of pre-Mesoprotero-
zoic structural section (Archean felsic orthogneiss and part of the middle 
para gneiss) exposed within the PMCC, providing a very limited view of the 
lowest basement.
Neoproterozoic
The 695 Ma orthogneiss is of the same age as Cryogenian volcanic rocks at 
Edwardsburg 170 km to the northwest (Lund et al., 2003, 2010). The ages also 
overlap with zircon populations in epiclastic volcanic sandstones of the Cryo-
genian Pocatello Formation south of the Snake River Plain (Keeley et al., 2013). 
Gaschnig et al. (2013) reported a significant component of inherited zircons 
with a peak age of ca. 670 Ma from the southern lobe of the Idaho Batholith. 
Yonkee et al. (2014) proposed that these magmatic rocks are related to rifting 
of Laurentia and the opening of the paleo–Pacific Ocean.
To the west in the Atlanta lobe of the Cretaceous Idaho batholith, Gaschnig 
et al. (2013) found a population of inherited zircons with an age peak of ca. 
2.55 Ga, as well as a smaller population at ca. 671 Ma. They interpreted these 
inherited zircons as being derived from melting of an igneous protolith, rather 
than as detrital zircons from metasedimentary rocks. At House Mountain 
(Fig.  1), along the South Fork Boise River 100  km southwest of the PMCC, 
Cryogenian (725 Ma) orthogneiss intrudes Archean orthogneiss with an age 
of 2.55 Ga (Alexander et al., 2006; Alexander, 2007; Schmitz, 2011). This grow-
ing database of basement ages suggests that Neoarchean crust intruded by 
Neoproterozoic granitoids is present along a north-south distance of >500 km 
along the southwest edge of Laurentia (Fig. 1). The ages of these Neoarchean 
orthogneisses span a period of ~100 m.y.
Depositional History and Sediment Sources
Lower and Middle Paragneiss Units
The data from the lower paragneiss samples (Fig. 5) suggest deposition 
 after ca. 2.5  Ga, and for sample 1AC09, the data suggest deposition after 
1.7 Ga. Because of the differing detrital-zircon spectra, we suggest that several 
stratigraphic units are present. The age of ca. 1850 Ma from amphibolite within 
the middle paragneiss suggests that part of this package is Paleoproterozoic 
or older and must be more structurally complex than previously thought (Link 
et al., 2010).
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Figure 10. Detrital-zircon data (Wetherill 
concordia plot and probability density 
plot) from Holocene alluvium in Wildhorse 
Creek (sample 58PL05, Table S2A [see 
footnote 2]), n = 39. 25% of the grains are 
“ghosts,” ca. 700 Ma, an age not previously 
reported from the Pioneer Mountains. The 
two Archean ages are less discordant than 
grains in the source rock in the Wildhorse 
gneiss perhaps because discordant grains 
have lower likelihood of surviving stream 
transport; conf—confidence.
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We compared the detrital signatures of several of the PMCC units and Pre-
cambrian quartzites regionally (Fig. 12). Three samples of the lower paragneiss 
of the Wildhorse complex contain Archean detrital zircons with a range in ages 
from 2.5 to 3.3 Ga (two samples shown in Fig. 12E). This distribution does not 
resemble any part of the Lemhi Group or Belt Supergroup (Figs. 12A and 12B) 
but is similar to detrital-zircon patterns reported from the Cryogenian schist 
of the Upper Narrows (Fig. 12F) of the Raft River Range (Yonkee et al., 2014).
One sample of quartzite in the lower paragneiss (1AC09) contains a small 
population of concordant zircons with ages near 1710 Ma (see Table S2B [see 
footnote 2]). This age is similar to the largest age peak in the Lawson Creek, 
Swauger, and Apple Creek formations (Fig. 12A), the upper strata of the Lemhi 
subbasin of the Belt Supergroup.
Meta-Belt Supergroup
The middle and upper paragneiss units (Figs. 12C and 12D) contain  detrital 
zircons as young as ca. 1400–1450  Ma indicating that the strata are Meso-
protero zoic or Neoproterozoic in age; the upper paragneiss and at least part 
of the middle paragneiss are intruded by ca. 695 Ma orthogneiss, providing a 
minimum age of deposition in those units.
The 1800–1450 Ma detrital zircons in the middle and upper paragneiss units 
(Figs. 12C and 12D) span a similar age range to those in Lemhi Group and Belt 
Supergroup exposed to the north (Figs. 12A and 12B). We propose that these 
paragneiss units represent metamorphosed strata from the Lemhi subbasin of 
the Belt Supergroup and that the southern edge of the Belt basin extended at 
least as far south as the Pioneer Mountains. No evidence of Mesoproterozoic 
Belt Supergroup strata has been found south of the Pioneer Mountains, on the 
south side of the Snake River Plain.
Regional Basement Relations
Wildhorse complex orthogneiss has a similar 2.6 Ga Neoarchean age as 
granites of the Grouse Creek block. The northwestern Wyoming province has 
metasedimentary rocks older than 3 Ga (Foster et al., 2006). We do not find evi-
dence in the Wildhorse gneiss for pre–2.6 Ga magmatic rocks and southwest 
structural trends predicted by Sims et al. (2004, 2005). These authors recognize 
northeast-striking aeromagnetic discontinuities in central Idaho that are inter-
preted to continue along strike into Archean terranes of southwest Montana. 
Extension of the Wyoming province southwestward would suggest that the 
Archean rocks under central Idaho should contain Mesoarchean amphibolite 
or granulite-grade metavolcanic and metasedimentary rocks. We have found 
no such ancient strata in the Pioneer Mountains.
Paleoproterozoic rocks are present in the Wildhorse gneiss. The age of ca. 
1850 Ma from amphibolite within the middle paragneiss suggests that part of 
this package is Paleoproterozoic or older and more structurally complex than 
previously thought (Link et al., 2010). This age overlaps 2.45 and 1.8–1.9 Ga 
Paleoproterozoic (Farmington zone) metavolcanic rocks dated in the Tendoy 
Mountains, Montana (Fig. 1; Kellogg et al., 2003; Mueller et al., 2016) and the 
Coyote Creek quadrangle (Sherwin et al., 2016).
CONCLUSIONS
This paper establishes several geochronologic and tectonic geologic rela-
tions in the Pioneer Mountains.
(1) We elucidate age relations between lithologic units in the Wildhorse 
complex. These include 2.6 Ga Neoarchean orthogneiss of the Grouse 
Creek block, 1.8 Ga Paleoproterozoic amphibolite, 1.45 Ga Mesoprotero-
zoic paragneiss, and 695 Ma Neoproterozoic orthogneiss.
(2) We clarify tectonic relationships between the Grouse Creek block and 
neighboring Archean Wyoming and Medicine Hat blocks and Paleo-
protero zoic Great Falls tectonic zone. The Pioneer Mountains represent 
a northern extension of the Grouse Creek block north of the Snake River 
Plain against the southern margin of the Great Falls tectonic zone on 
the north and the Farmington zone on the east.
(3) We identify Mesoproterozoic depositional ages and provenance simi-
larities that support a southward extension of the Mesoproterozoic Belt 
Basin to the Pioneer Mountains.
(4) We identify zircon-rich Neoproterozoic intrusive rocks (metamorphosed 
to orthogneiss) in the Wildhorse complex. These rocks likely record 
rifting along the western margin of Laurentia and are the source for 
710–650 Ma detrital-zircon populations from the Lost River drainage.
(5) Initial eHf values from 675  Ma detrital zircons of the lower Big Lost 
River reflect a mixture between older continental material and more 
juvenile mantle-derived magma as the source for the Neoproterozoic 
orthogneiss. Thus if there was an Archean Grouse Creek block compo-
nent, there was also a juvenile mantle component.
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Figure 11. εHf plot for 675 Ma zircons in Big Lost River allu-
vium. These grains are interpreted to come from the Neo-
proterozoic orthogneiss in the Pioneer Mountains, and the 
Hf isotopic values thus reflect the evolved Precambrian crust 
from which these plutons were partially melted. CHUR—
chondritic uniform reservoir; DM—depleted mantle.
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Figure 12. Probability density plots of se-
lected metasandstones from the Pioneer 
Mountains, the Belt Supergroup and one 
sample from the Albion Range, Idaho. 
(A) Lawson Creek and overlying strata, 
Lemhi and Beaverhead Ranges (Link 
et  al., 2016). (B) Apple Creek Formation, 
Blackbird district, Salmon River Moun-
tains (sample SS95-19), Link et al. (2007). 
(C) Upper paragneiss quartzite (samples 
14KD and 24KD06); (D) middle paragneiss 
calc-silicate (sample 4PL05). (E) Lower 
paragneiss quartzite (samples 26PL09 
and 54PL09). (F) Neoproterozoic Upper 
Narrows schist, Raft River Range (Yonkee 
et al., 2014; sample 14PL07).
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